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RÉSUMÉ 
Un modèle hydrodynamique de la qualité de l'eau de rivière est présenté dans cette communication. 
Le modèle se compose de deux sous modèles, l'un quantitatif et l'autre qualitatif. Le modèle quantitatif 
est basé sur la résolution des équations de Saint-Venant, qui a été obtenue par un schéma explicite 
fondé sur la conservation de l'espace-temps. Le sous-modèle qualitatif, pour sa part, est basé sur 
l'équation de dispersion - advection. Le principe de la pondération amont appliqué à la méthode des 
différences finies est notamment utilisé, permettant ainsi de réduire la dispersion numérique en évitant 
les phénomènes d'oscillation mathématique. Le coefficient de pondération optimal a été calculé sur la 
base du "Nombre de Péclet de maille". Concernant la qualité, le modèle prend en compte les effets 
des principaux procédés chimiques: la dégradation des substances carbonées dissoutes, l’oxydation 
de l'ammonium, le bilan des nitrates entre assimilation par les algues et dénitrification, et le bilan 
d'oxygène dissous, y compris la baisse entrainée par le processus de dégradation et les apports par la 
ré aération et la production photosynthétique. Pour simuler efficacement la qualité des eaux de rivière, 
quatre variables ont été examinées: OD, DBO, NH4, et NO. 
Le modèle a été appliqué à la rivière Savena (Italie), qui fait l'objet d'un projet européen dans le cadre 
duquel des données quantitatives et qualitatives ont été collectées. La sensibilité aux paramètres de 
modélisation a également été analysée. 
ABSTRACT 
A hydrodynamic river water quality model is presented. The model consists of a quantity and a quality 
sub-model. The quantity sub-model is based on the Saint Venant equations. The solution of the Saint 
Venant equations is obtained by means of an explicit scheme based on space-time conservation. The 
method considers the unification of space and time and the enforcement of flux conservation in both 
space and time. On the other hand the quality sub-model is based on the advection dispersion 
equation. Particularly, the principle of upstream weighting applied to finite difference methods is 
employed. Such a method enables us to reduce the numerical dispersion, avoiding oscillation 
phenomenon. The optimal weighting coefficient has been calculated on the basis of the mesh Peclet 
number. With regards to the quality processes the model takes into account the main 
physical/chemical processes: degradation of dissolved carbonaceous substances; ammonium 
oxidation; algal uptake and denitrification; dissolved oxygen balance, including depletion by 
degradation processes and supply by physical reaeration and photosynthetic production. To properly 
simulate the river water quality four state variables have been considered: DO, BOD, NH4, and NO. 
The model was applied to the Savena River (Italy), which is the focus of a European-financed project 
in which quantity and quality data were gathered. A sensitivity analysis of the model output to the 
model input or parameters has been carried out.  
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River water quality models can be useful tools for the quantification of the effectiveness of water 
quality management measures. Actually, the application of mathematical models for that purpose 
dates back to the initial studies on the Ohio River conducted between 1914 and 1916. These 
investigations provided the basis of the classic mathematical modelling of DO by (Streeter and Phelps, 
1925). This model incorporates the two primary mechanisms governing the fate of dissolved oxygen 
(DO) in rivers receiving sewage, the decomposition of organic matter and atmospheric 
aeration/reaeration. Since then, models have been constantly refined and updated to meet new and 
emerging problems of surface water pollution, such as eutrophication, acute and chronic toxicity, etc 
(Rauch et al., 1998). The transport of solutes in open water bodies mainly consisting of advection, 
mixing, exchanging with the hyporheic zone, and mass reduction/generation by physical, chemical and 
biological mechanisms, can greatly affect stream water quality (e.g., Fischer et al., 1979; Chanson, 
2004). Solute transport modelling is needed to predict the movement, fate and associated risk of 
potentially harmful substances in flowing water, especially for contaminants released as either point or 
non-point sources. Water quality models are often implemented in order to quantify the substance 
transformation and to investigate the impact that changed boundary conditions have on the aquatic 
system (Wagenschein and Rode, 2008). Indeed, water quality models have been developed to 
simulate physical, chemical and biological processes in the water body. Prediction of changes in the 
constituent concentrations can be helpful for an ecological oriented urban drainage planning 
(Ristenpart and Wittenberg, 1991). However, especially for small river, some problems hamper a 
straightforward model application basically due to data scarcity, lack of major investments as a 
consequence of their minor importance, and the large number of diverse inputs, especially if they flow 
through densely populated areas (Marsili-Libelli and Giusti, 2008). These facts constitute the major 
complicatedness in the application of water quality models, such as those provided by the US 
Environmental Protection Agency: QUAL2E (Brownand Barnwell, 1987), QUAL2K (Chapra and 
Pellettier, 2003), WASP6 (Wool et al., 2006), or the IWA River Quality Model No. 1 (Reichert et al., 
2001), which require more information regarding the river system than is often available. Further, 
although a lot of quality models have been implemented and are currently available, they are generally 
applicable for stationary hydraulic components. Indeed, especially for small rivers the influence of 
short-term impacts (e.g. combining sewer overflows) increases and causes severe problems in river 
ecosystem. A simulation of these shock loads requires hydrodynamic water quality models. However, 
as far as authors know, there are limited applications among the literature for the case of small rivers 
and further the available models are generally not adapt for the application of small rivers. 
Bearing in mind the considerations discussed above, the paper presents a water quality model to 
describe the dynamics of carbon and nitrogen in small river basins together with a sensitivity analysis 
for single out the most sensitive model parameters. Particularly, the model consists of a quantity and a 
quality sub-model. The quantity sub-model is based on the Saint Venant equations and the quality 
sub-model it is based on the advection dispersion equation. The model was applied to the Savena 
River (Italy), which was the focus of a European-financed project in which quantity and quality data 
were gathered. 
2 THE HYDRODYNAMIC WATER QUALITY MODEL 
The hydrodynamic water quality model is made up of two sub-models that are integrated together for 
the assessment of the propagation of pollutants in a river. The two model approaches are inspired to 
Molls and Molls (1998) and Wang and Lacroix (1997) for the quantity submodel and for the quality 
one, respectively. In the following, the mathematical formulation of the two sub-model is provided 
along with a brief description of the theory that is beyond the model equations.  
2.1 The quantity sub-model 
The quantity sub-model is based on the resolution of the Saint Venant equations. Particularly, the 
conservative mass and momentum equations for 1D flow in a open channel can be written as follows: 
































where Q is the discharge, t is the time, A is the wetted cross-sectional area, x is the longitudinal 
channel direction, g is the gravitational constant, I is the hydrostatic pressure force term, i is the 
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2.1.1 The Numerical scheme 
Using the Green’s theorem it is possible to demonstrate that eq. 3 represents the differential form of 



















where  U,Gf   is a 2D space-time vector. It should be noted that f  ds represents the space-time 
flux of f  leaving the region A through ds that result unified in the same space and time. The 
unification of the time and space is kept in the employed numerical method and represents one of the 
most important peculiarity of the technique. Once defined the mesh, it is possible to consider around 
each mesh point, a solution element (SE). The space-Time grid can be divided in nonoverlapping 
rectangular regions called conservation elements (CE) (Figure 1).  
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Figure 1 Schematization of the solution element SE (red) and of the conservative elements CE- and CE+ (in 
black) of the mesh point P(i, n). 
Applying the conservation law reported above (eq. 5), to the single CE elements and around the mesh 
point P, yields to the following expressions: 
   n)i,S(CEni, 0dsfF  (6) 
where S(CE) is the boundary associated with a corresponding CE. From eq. 6 it emerges that the flux 
leaving the boundary of any CE is zero. Substituting to the bidimensional vector f its components it 
yields: 
   n)i,S(CEni, 0dxUdtGF   (7) 
where  tx,G  and  tx,U  are approximated by means of first-order Taylor series in space and time. 
For every    ni,SEtx,   the approximations are: 
          22ntinixni Δt,ΔxOttUxxUUU   (8) 
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          22ntinixni Δt,ΔxOttGxxGGG   (9) 
Since  U,Gf   it is possible to approximate as    U,Gf  and to assume that in each mesh 

















0dxUdtGF  (11) 
Integrating equation 11 over the SEs that represent the bound of each CE, from figure 1 it is worthy to 
notice that the bound of each CE is constituted by the union of two nearness SE. It is possible to 
integrate the two equations as in the following: 





















   (12) 





















   (13) 
where: 
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   (15) 
Rearranging the equations (14) and (15) considering the summation, the first part of the numerical 
scheme can be obtained: 










   (16) 






   (17) 
The second part of the numerical scheme can be obtained by considering the evaluation of the 
derivate of the flux vector  nixU  obtained extending   1/2n 1/2ixU   to  n 1/2ixU   by means of Taylor’s 
series and taking the weighted average of forward and backward differences: 
 
       



















   (18) 
where: 










   (19) 
The weighted average of the derivates s controlled by a single parameter ω . If the parameter is 0ω   
then the central differencing is obtained; this latter is suitable for smooth regions. On the other hand, 
values higher equal to one or two are typical of slope-limiters proposed by van Albada et al. (1982) 
and Molls et al. (1994). The numerical scheme employs a staggered grid. At each grid point the flow 
variables, at a given time level, are calculated using the two neighboring nodes from the previous time 
level. In figure 2 is depicted a graphical representation of the method.  
Let us denote with n-1 the time step during which the overall values are known and with n the time 
step when the values are unknown and with n-1/2 the intermediate time step, with i the spatial 
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localization of the node, with j-1 and j+1 the nodes at upstream and at downstream, respectively, and 
with i-1/2, i+1/2 the intermediate values. The application of the numerical schemes is basically a 
stepwise procedure. Specifically, starting from the nodes at the time step n-1, calculate the values of 
the terms that represent the vector U at the time step n-1/2 by employing the eq. (16) (figure 2(a)). 
Thereafter, calculate the unknown values at an intermediate time step at the nodes and using the eq. 
(17) (Figure 2b). finally. By means of the eq. (18), calculate the derivates at an intermediate time step 
starting from the known values at the same time step and for the nodes indicated by squares (figure 
2(c)). 
In figure 2d the representation of a complete temporal loop has been depicted. The nodes indicated by 
a circle, the unknown variables and their derivates have been calculated; on the other hand, at the 
point denoted by a square, only the variables are known. To enable that the method converge, it is not 
necessary to consider any artificial viscosity. 



















Figure 2 representation of the numerical scheme: (a) evaluation of the unknown variables at intermediate time 
and space; (b) evaluation of the unknown variables at intermediate time and space at the nodes; (c) evaluation of 
the derivates of the variables at intermediate time and space; (d) conclusion of the numerical scheme. 
2.2 The quality sub-model 
The quality sub-model is based on the advection-dispersion equation whose solutions enable us to 
evaluate the pollutant propagation in the river. The general form of the advection-dispersion equation 








Where t is the time, C is the concentration of a dilute solute, u is the velocity vector of fluid, D is the 
dispersion tensor and q is the source or sink term. Considering the case of one dimensional transport 






















Using the finite difference algorithm, for a given constant spatial increment ∆x and a time step ∆t, eq. 
(21) may be rewritten in a general discretized form: 










  (22) 
where εL is the local error truncated by finite difference approach, i and k are the spatial and time 
indices respectively,  is the time weighting coefficient,  is the spatial weighting coefficient, P is the 
internal constituent sources and sinks (e.g., nutrient loss from algal growth, benthos sources, etc.), r is 








































In figure 3 a representation of the orderly grid that is considered for solving the advection dispersion 
equation is depicted. In the eq. (23), n is the time and it 
has to be set the same of the corresponding multiplied 
concentration (i.e.    ΔxCCCCΔ k 1ikikiix   ). 
Development of eq. (22) gives: 
     
 
        

















































































































































































































ωu1d   (29) 




















    (30) 












ω1u1f   (31) 
Applying Taylor’s formula, the local truncated error can be expressed as (Wang, 1987): 
















   (32) 
and neglecting the second-order term  22 , xtO  , eq. 32 becomes: 








0.5ωΔxuDnum   (33) 























  (34) 
Such a term (eq. 34) introduced by the finite difference approach is called numerical dispersion. The 
numerical dispersion can be cancelled adopting appropriate values of ,  (i.e. 5.0 ). If 
5.0 eq.25 becomes the well-known scheme of Crank-Nicolson, which is unconditionally stable for  
15.0  . Assuming 1  the method becomes a space-centred scheme without numerical 
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1ii    (37) 
2.2.1 Assessment of first order rate kinetics and of the internal constituents 
In order to assess the aquatic ecosystem of the river, four state variables have been considered DO, 
BOD, NH4, and NO. The processes considered are: degradation of dissolved carbonaceous 
substances; ammonium oxidation; algal uptake and denitrification; dissolved oxygen balance, 
including depletion by degradation processes and supply by physical reaeration and photosynthetic 
production. In particular, two DO sources have been considered: reaeration from the atmosphere and 
photosynthesis of algae and plants. However, DO is consumed via plant respiration, nitrification 
processes, and BOD degradation. All processes are described assuming a 1st order kinetics. The first 
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    (40) 
20)(Temp
DenDenNO kr
   (41) 
RDO kr   (42) 
 shrespNH4 rpyP   (43) 
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  (45) 
where KD is the deoxygenation coefficient, D is the Arrhenius temperature coefficient of the 
degradation process, T is the temperature, Ksed is sediment oxygen demand, and Ks is the half 
saturation constant for the BOD, KN is the nitrogen coefficient, KDen is the denitrification coefficient, N  
is the Arrhenius temperature coefficient of the nitrification process, Ks_NH4 is the half saturation 
constant for the ammonium, ph is the actual production of oxygen due to photosynthesis, KR is the 
reaeration constant and YNitr is the yield factor describing the amount of oxygen used for nitrification.  
3 THE CASE STUDY 
The river studied in this work and the field data gathering campaign were part of an earlier European-
financed project (Artina et al., 1998; 1999). A short description of the system is reported given herein, 
but more detailed information is available in previous studies (Artina et al., 1998; 1999). The Savena is 
a rural ephemeral river that passes through a number of small towns before entering the southern 
neighbourhood of Bologna. The catchment area of the Savena, at the downstream boundary of the 
studied river reach, is nearly 160 km2. The river is characterised by a very variable hydraulic regime 
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with discharge usually ranging from a few litres per second during dry summer periods, up to several 
cubic meters per second during wet weather. The studied river reach is about 6 km long, receiving six 
CSO discharges from the Bologna sewer network and twelve from the San Lazzaro sewer systems, a 
small centre in the surrounding area of Bologna. The CSOs generally operates during small intensity 
rainfalls and, in many cases, their discharge is similar to the river‘s discharge. The sewer network is a 
part of the combined system serving the whole city of Bologna, which can be treated as hydraulically 
divided into many independent catchments, all connected to a WWTP. The city of Bologna has about 
500,000 inhabitants and an equivalent population of about 800,000 inhabitants. Only the part of this 
catchment, which has an effect on the studied reach of the Savena River, has been taken into 
account. This part of Bologna has an area of more than 450 ha, with an impervious percentage of 
about 66% and about 60,000 inhabitants. About 50 events were recorded during an experimental 
survey from December 1997 to July 1999, but water quality aspects were analysed for both RWB and 
SS for only five of these. The analysed parameters were as follows: BOD5, NH4, TSS, COD, pH, DO, 
temperature, and conductivity. The considered events are characterised by small rainfall volumes with 
rapidly varying intensities. Those events are only partially representative of the climatic conditions in 
the Bologna area that are typically characterised by an high frequency of small events in winter and 
spring, by intense and short events in early autumn, and a long dry period between May and 
September. Nevertheless, those events are representative of the real catchment situation in terms of 
polluting loads: high frequency and small rainfall volume events activate CSOs. During the five 
monitored events only one of the six CSOs discharged to the river (CSO No. 6), and for this reason 
results are presented only for the last trunk of Savena urban reach (400 m downstream of the CSO). 
Even if the analysed river reach is rather short, the measured data show that especially during storm 
events, its ephemeral behaviour and significant turbulence associated with flood events guarantee 
sufficient depletion of polluting concentrations (Mannina and Viviani, 2009).  
4 MODEL CALIBRATION AND SENSITIVITY ANALYSYS  
The model was applied considering the five events of the Savena case study separately. The 
calibration was done in two steps. In the first step, the hydraulic parameters were evaluated 
considering the measured flow data. In the second step, the quantity parameters were set to the 
calibration values to assess the quality parameters. The model parameter estimation was carried out 
using the Generalised Likelihood Uncertainty Estimation (GLUE) methodology (Beven and Binley, 
1992). GLUE is a Monte Carlo simulation approach developed as an attempt to recognise more 
explicitly the underlying uncertainties of models simulating environmental processes. The GLUE 
approach rejects the concept of an optimum parameter set and assumes that, prior to the input of data 
into a model, all parameter sets have an equal likelihood of being acceptable estimators of the system 
in question. Many parameters sets are generated from specified ranges using Monte Carlo simulation. 
The performance of individual parameter sets is then assessed via likelihood measurements, which 
are used to weight the predictions of the different parameter sets. This includes the rejection of some 
parameter sets as non-behavioural. All other weights from behavioural or acceptable runs are retained 
and rescaled so that their cumulative total is equal to 1. The cumulative likelihood weighted distribution 
of predictions can then be used to estimate quantiles for the predictions at any time step. The 
likelihood measure represents the ability of the model to fit real data. The acceptability threshold Tr 
represents a user-defined critical value indicating the minimum value of the likelihood measure that 
each modelling simulation should have to be representative of the model behaviour with respect to the 
analysis goal. Tr is usually set equal to zero. In the present study, the Nash and Sutcliffe efficiency 
index was used as the likelihood measure (Nash and Sutcliffe, 1970). 
5 RESULTS 
A Monte Carlo procedure was used to generate large numbers of sets of parameters for both sub-
models thought feasible for the Savena River on the basis of physical argument and previous 
experience (Mannina and Viviani, 2010; Marsili-Libelli and Giusti, 2008; Cox 2003; Radwan et al., 
2003; Willems, 2000; Brown et al., 1973). Figure 4 shows scatter plots for the likelihood (L) based on 
Nash and Sutcliffe for selected parameters sampled. Each dot represents one run of the model with 
different randomly chosen parameter values. The generation of the likelihood surface involves a 
decision about the criterion for model rejection; actually the uncertainty bounds associated with the 
retained simulations will depend on the choice of the likelihood measure and rejection criterion. 
Particularly, simulations that achieve a likelihood value less than zero are rejected as non-behavioral. 
The remaining simulations are rescaled between 0 to 1 in order to calculate the cumulative distribution 
of the predictive variables. The most sensitive parameters regards the ones connected to the 
NOVATECH 2010 
9 
processes of deoxigenation and reareation. Indeed, Figure 4c shows a strong sensitivity of the oxygen 
to the reaeration coefficient (KR). Conversely, the processes which are related to the oxygen 
contribution due to photosynthesis phenomenon are less sensitive. Such results are in agreement with 
the physics of the phenomenon. Indeed, during storm events, especially for an ephemeral river such 
as the Savena, the largest contribution of oxygen comes from the reaeration with the atmosphere due 
to the intense flow turbulence. This aspect is reflected in terms of reaeration coefficient values. In 
particular, these latter are some order of magnitude higher respect to the dry weather ones. This 
aspect confirms the important role played by the flow turbulence during storm weather. The intense 
turbulence is obviously caused by the high increment of the river flow respect to the dry weather flow. 
Such increment can be of some order of magnitude and it is due, especially for the ephemeral river, to 

































Figure 4. Scatter plots for some model parameters of the quantity sub-model (a) and of the quality one (b), (c).  
Figure 5 shows the comparison between measured and simulated values. The model generally shows 
a satisfactory capability in reproducing the measured values. In terms of the Nash-Sutcliffe efficiency, 
the model is characterised by different values for the quantity and quality modules. For example, the 
quantity module efficiency is 0.71 while the quality ones range between 0.53 and 0.82. For quality 
variables, the modelling results were reasonable (Fig. 5), although measured values are slightly 
biased from simulated ones. Indeed, deviations occurred in the ammonia and oxygen values which 
can be attributed mainly to the higher complexity of phenomena involved for such variables. Indeed, 
ammonia and oxygen concentration values are the results of several chemical/physical/biological 
processes (i.e., nitrification, denitrification, photosynthesis, atmospheric reaeration, etc.). A slight 
miscalculation of these processes may contribute to high disagreement between measured and 










































Figure 5 Model results for the events 22/5/98 for the quantity (a) and for the quality aspects (b). 
6 CONCLUSIONS 
This paper described the development of a river water quality model able to evaluate the propagation 
of pollutants in natural rivers. The model was calibrated and evaluated for the Savena river located in 
Bologna (IT). The results of the evaluation runs showed that the model was generally able to capture 
the main features of observed values. The following considerations can be drawn:  
 The model showed limited computational time (on the order of seconds for one simulation of 
approximately 500 minutes) and this aspect is relevant for long term simulation needs. 
 The sensitivity analysis by means of the GLUE highlighted the deoxigenation and re-
oxigenation constants that, during storm events, are the most important parameters for the 
assessment of river water quality state. Such considerations are particularly important for the 
case study analysed that is an ephemeral river.  
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 Reaeration coming from algae activity was negligible, which suggests that such phenomena 
do not play a relevant role in small rivers during storm events. 
To better assess the model performance, future investigations will examine model application for long-
term periods. Moreover, applications to other case studies will also be considered to better generalise 
some of the conclusions drawn in this research. 
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